Lepton number as a fourth color is the intriguing theoretical idea of the famous Pati-Salam (PS) model. While in conventional PS models, the symmetry breaking scale and the mass of the resulting vector leptoquark are stringently constrained by KL → µe and K → πµe, the scale can be lowered to a few TeV by adding vector-like fermions. Furthermore, in this case, the intriguing hints for lepton flavour universality violation in b → sµ + µ − and b → cτ ν processes can be addressed. Such a setup is naturally achieved by implementing the PS gauge group in the five-dimensional RandallSundrum background. The PS symmetry is broken by boundary conditions on the fifth dimension and the resulting massive vector leptoquark automatically has the same mass scale as the vector-like fermions and all other resonances. We consider the phenomenology of this model in the context of the hints for lepton flavour universality violation in semileptonic B decays. Assuming flavour alignment in the down sector we find that in b → s + − transitions the observed deviations from the SM predictions (including R(K) and R(K * )) can be explained with natural values for the free parameters of the model. Even though we find sizable effects in R(D), R(D * ) and R(J/Ψ) one cannot account for the current central values in the constrained setup of our minimal model due to the stringent constraints from D −D mixing and τ → 3µ.
I. INTRODUCTION
So far, the Large Hadron Collider (LHC) at CERN did not directly observe any particles beyond the ones of the Standard Model (SM) of particle physics. However, we have accumulated intriguing hints for lepton flavor universality (LFU) violation in semi-leptonic B decays within recent years. Most prominently, there exist deviations from the SM predictions in b → sµ + µ − above the 5 σ level [1] [71] and the combination of the ratios R(D) and R(D * ) differs by 4.1 σ from its SM prediction [2] . Furthermore, also R(J/Ψ) points towards the violation of LFU in b → cτ ν processes [3] . This suggests a possible connection between these two classes of decays and motivates the investigation of simultaneous explanations [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
In fact, the SU (2) singlet vector leptoquark (VLQ) with hypercharge 2/3 is a natural candidate for a simultaneous explanation [5, 6, 9, 20] . It contributes to b → sµ + µ − as well as to b → cτ ν and it does not couple down-quarks to neutrinos, avoiding the bounds from B → K ( * ) νν and is free of proton decay to all orders in perturbation theory [24] . This allows for large flavour violating effects and the bounds from direct searches [25] and EW precision data [26, 27] can be avoided [17, 20] . Interestingly, this LQ appears in the theoretically very * Electronic address: monika.blanke@kit.edu † Electronic address: andreas.crivellin@cern.ch appealing Pati-Salam (PS) [28] model and several attempts have been made in the literature to construct a model addressing the flavour anomalies based on the corresponding gauge symmetry [21] [22] [23] 29] .
In conventional PS models, the bounds on the breaking scale from K L → µe and K → πµe are so strong (at the PeV scale) [30, 31] that any other observable effect in flavour physics is ruled out. Nonetheless, if the PS gauge symmetry is implemented in the 5D RandallSundrum (RS) background [32] , the mass scale of the Kaluza-Klein (KK) resonances (including the VLQ) can be much lower, i.e. in the few TeV range [72] . The suppression of the lepton flavour violating kaon decays can be achieved by introducing the SM fermions as zero modes of bulk fermions [33] with their couplings to the KK modes determined by their localization along the RS bulk. Since the zero mode localizations are free parameters, one can obtain the required non-trivial flavour structure in order to give interesting effects in b → sµ + µ − and b → cτ ν transitions.
II. THE MODEL
Our starting point is a 5D RS space-time [32] 
with the PS [28] bulk gauge symmetry SU (4)×SU (2) L × SU (2) R . The symmetry is broken to its SM subgroup by means of boundary conditions on the UV brane. Note that the unbroken U (1) Y is a linear combination
Therefore, relaxing the assumption of a discrete left-right symmetry, one can always account for the measured values of g Y As in the conventional PS model, the SM fermions are embedded into complete representations of the PS gauge group. In addition, they are introduced as bulk fields in the RS background and the zero modes correspond to the SM quarks and leptons. Their localizations are determined by their 5D bulk masses [33] , but can be altered by the presence of brane-kinetic terms. Since on the UV brane only the SM gauge symmetry is unbroken, the localizations of quarks and leptons of the same generation can differ from each other [73] . The Higgs doublet is introduced as a 4D field confined to the UV brane, hence its couplings to the KK modes are strongly suppressed. This choice ensures the compliance with electroweak precision constraints.
The 4D dual theory, according to the AdS/CFT correspondence [34] , is a composite model with a global PS symmetry and KK modes corresponding to composite resonances. The gauging of the SM subgroup explicitly breaks the global symmetry in the elementary sector. Hence, the SM fermions are partially composite due to a linear mixing of the elementary fermions with composite operators of the same quantum numbers. Therefore, the simplified version of our model, according to the deconstruction approach [35] , contains composite vector resonances of the SU (4) × SU (2) L × SU (2) R symmetry group with common mass M , as well as three generations of heavy vector-like quarks and leptons corresponding to the first KK modes.
Concerning fermions we have three generations of chiral (SM) fermions, the quark doublets q i , the lepton doublets i , the quark singlets d i and u i as well as the lepton singlet e i (and the right-handed neutrino which we do not consider in the following as it is not relevant for our discussion). In addition, we have the three generations of vector-like fermions which we denote by the corresponding capital letters. The mass terms for the fermion before electroweak symmetry breaking read
Here the superscripts L and R denote the chirality of the vector-like fields. Note that Q i , L i , U i , D i and E i , are embedded into complete representations under the PS gauge group, enforcing equality of the respective mass terms. Without loss of generality, we can work in a basis where M L ij and M R ij are diagonal in flavour space, and to a good approximation, the masses of the composite states are universal:
For the terms mixing vector-like fermions with the SM ones we assume for simplicity the absence of mixing with the right-handed SM SU (2) 
In the following, we will assume M 1 to be zero or negligibly small [74] . Therefore, the first generation is purely elementary while the second and third generation of lefthanded SM quarks and leptons are partially composite. Since all terms are flavour diagonal the problem reduces to diagonalizing several 2 × 2 matrices mixing SM with vector-like fermions. For the quarks and leptons we achieve this by the transformation ij . In order to avoid tree-level flavour changing neutral currents (FCNCs) in the down quark sector, we assume the down Yukawa coupling to be aligned with m qL and M qL , i.e. diagonal in the same basis. In the left-handed up-quark sector, tree-level FCNCs are then unavoidable, but are determined and suppressed by the small off-diagonal elements of the Cabibbo-KobayashiMaskawa (CKM) matrix.
With these assumptions, the couplings of KK gauge bosons to fermions are given by 
Here we neglected flavour mixing with the first generation and dropped the flavour-universal θ 2 -suppressed terms [35] . In this limit Γ R,V ij = 0. V CKM denotes the CKM matrix, V 0 stands for the electrically neutral gauge bosons and s parametrizes the misalignment in flaovur space between m L , M L and the lepton Yukawa coupling in the 2-3 sector. Using Eqs. (7)- (11) one can see that under our assumptions no effects in K L → µe or K → πµe are generated.
III. OBSERVABLES A. R(D) and R(D * )
We define the effective Hamiltonian for b → c ν transitions as
where in the SM C f i L = δ f i and the contribution of our model is given by
Here the first term originates from the LQ, with κ ij = θ
, while the second term is due to the KK mode of the W ± . Thus we find
with X = D, D * , J/Ψ. This has to be compared to the experimental measurements of R(D), R(D * ) and R(J/Ψ) [3] . A global fit assuming new physics (NP) in C L only gives [36] 
Using the effective Hamiltonian
we have
The allowed 2 σ range is given by [1] − 0.37 ≥ C 
Concerning lepton flavour violating B decays, we use the results of Ref. [37] for the analysis of B → K ( * ) τ µ. The only experimental limit for µτ final states is [38] Br
at 90% confidence level, and the corresponding prediction for our case of 
with
We have for the matrix element
with B D 1 (3 GeV) ≈ 0.76 [39] , η D (3GeV) = 0.77 [40, 41] and f D ≈ (0.212) GeV [42, 43] . Using the HFLAV results of CKM 2016 [2] , the imaginary part of the matrix element should satisfy
The neutral B-L and W 3 KK gauge bosons mediate the decay τ → 3µ. Using the results of [37] and neglecting contributions suppressed by g Y /θ, we find
Here τ τ is the tau lifetime. This result has to be compared to the current experimental bound of 1.2 × 10 −8 [44] .
E. Bs − Bs mixing
Due to the assumed flavour alignment in the lefthanded down-quark sector, our model does not only forbid tree level contributions to B s − B s mixing, but also makes the one-loop contributions to B s −B s mixing finite (even in unitary gauge) due to a suppression mechanism similar to the Glashow-Iliopoulos-Maiani (GIM) one. In addition, flavour violation solely originates from Yukawa couplings. Thus, the effect is very efficiently suppressed by 1/M 4 .
F. Direct LHC searches
The most stringent constraints on the KK mass scale stem from direct LHC searches for resonances decaying to tt, dijet or ττ . tt resonance searches constrain the RS KK gluon mass to be above 3.3 TeV in the case of bulk fermions and flavor anarchy [45] . In our setup, however, the branching ratio into tt final states is significantly smaller than in the flavour-anarchic scenario, so that we can conservatively lower the mass scale of the lightest resonances to M = 3.0 TeV. Due to the reduced branching ratio into tt, the dijet final state is relevant in our setup. The most recent CMS constraint on heavy dijet resonances [46] is nonetheless still weaker than the aforementioned tt constraint. Both the B-L gauge boson and the W 3 KK mode contribute to the ττ final state. Comparing the Z of the sequential SM, for which [47] finds M Z > 2.42 TeV, with our model, we find that the larger branching ratio into the ττ final state is counteracted by a significantly reduced production cross section: first generation quarks do not couple to the B-L gauge boson, and their coupling to the W 3 KK mode is suppressed by 1/θ. The tt resonance constraint of ≈ 3 TeV is hence the strongest limit on the KK mass scale M .
IV. PHENOMENOLOGY
Since we aim at getting a large effect in b → cτ ν transitions, a large compositeness of the third generation is required. In addition, M should not be too large and we therefore use a mass of 3 TeV. In order to get a sizeable effect in b → sµ + µ − , while not violating the upper limit on the τ → 3µ branching ratio, moderate values of s 2 are preferred. In the left plot of Fig. 1 we therefore show the allowed regions in the s At this benchmark point R(X)/R(X) SM ≈ 1.07. Due to the small coupling to muons (compared to the one to taus) NP effects in b → cµν are found below the permille level and therefore consistent with current data [48] . One can see that b → sµ + µ − can be explained at the 1 σ level without violating bounds from D −D mixing or τ → 3µ.
In the right plot of Fig. 1 we show the correlations between R(X)/R(X) SM and b → sµ + µ − by scanning over s q 3 , s q 2 , s 3 , s 2 and s . Only the parameter points consistent with all experimental bounds are shown. We see that in general a large effect in b → sµ + µ − limits the size of the possible effect in R(X)/R(X) SM and vice versa. Furthermore, the solution of the b → sµ + µ − anomaly in our model predicts a large branching ratio for τ → 3µ within the reach of Belle II.
Due to the constraints from D 0 −D 0 mixing and τ → 3µ, we do not obtain sizeable effects neither in b → sτ + µ − nor τ → φµ [15] , nor in b → sτ + τ − transitions as recently examined in Ref. [49] .
V. CONCLUSIONS AND OUTLOOK
In this article we considered a PS model embedded in the RS space-time in which the symmetry is broken down to the SM one by boundary conditions on the endpoints of the extra dimension. While in previous models based on the PS symmetry the effect in b → cτ ν was only generated by the vector-leptoquark (VLQ), we have as well a W contribution which enhances in our setup the total NP effect in b → cτ ν processes by roughly 80%. Still, we find that one cannot fully account for b → cτ ν data due to the stringent constraints from D−D mixing. However, an O(5%) effect in R(X)/R(X) SM is possible. Furthermore, the model can naturally explain the anomaly in b → sµ + µ − transitions including the hints for the violation of lepton flavour universality from R(K) and R(K * ). In addition, our model predicts small effect in b → sτ µ and b → sτ τ transitions, while the effect in τ → 3µ is sizable and also the CP violation in the D −D system is close to the current experimental values.
Compared to previous approaches of explaining the flavour anomalies, our model has several advantages. First of all, on the theoretical side, the existence of a massive VLQ and vector-like fermions of the same mass scale follows from the very simple assumption that the PS symmetry is broken on an extra dimension. On the phenomenological side, our model has suppressed couplings of the new particles to light fermions (contrary to Ref. [29] ) and is therefore quite safe concerning LHC searches. Furthermore, since we have in addition to the VLQ a W boson which interferes in b → cτ ν processes constructively, we can get an effect which is around 80% larger compared to the pure VLQ case [21, 22] while still respecting the bounds from D −D mixing.
In our minimal setup we assumed right-handed fermions and the Higgs to be elementary. Giving up these assumptions, one obtains an even richer phenomenology, and also an explanation of the tensions in the anomalous magnetic moment of the muon [50, 51] and/or in ε /ε [52] could become possible.
